Background/Objectives: During continuous venovenous hemofiltration (CVVH), there is unwanted loss of amino acids (AA) in the ultrafiltrate (UF). Solutes may also be removed by adsorption to the filter membrane. The aim was to quantify the total loss of AA via the CVVH circuit using a high-flux polysulfone membrane and to differentiate between the loss by ultrafiltration and adsorption. Methods: Prospective observational study in ten critically ill patients, receiving predilution CVVH with a new filter, blood flow 180 mL/min, and predilution flow 2,400 mL/h. Arterial blood, postfilter blood, and UF samples were taken at baseline, and 1, 8, and 24-h after CVVH initiation, to determine AA concentrations and hematocrit. Mass transfer calculations were used to determine AA loss in the filter and by UF, and the difference between these 2. Results: The median AA loss in the filter was 10.4 g/day, the median AA loss by UF was 13.4 g/day, and the median difference was -2.9 g/day (IQR -5.9 to -1.4 g/day). For the individual AA, the difference ranged from -1 g/day to +0.4 g/day, suggesting that some AA were consumed or adsorbed and others were generated. AA losses did not significantly change over the 24-h study period. Conclusion: During CVVH with a modern polysulfone membrane, the estimated AA loss was 13.4 g/day, which corresponds to a loss of about 11.2 g of protein per day. Adsorption did not play a major role. However, individual AA behaved differently, suggesting complex interactions and processes at the filter membrane or peripheral AA production.
Introduction
Acute kidney injury is a frequent manifestation of critical illness. Continuous venovenous hemofiltration (CVVH) is commonly used as renal replacement therapy (RRT) modality. During CVVH, clearance is mainly achieved by convection, the process where solutes small enough to pass the pores in the semipermeable hemofilter are transported with plasma water to form the ultrafil-DOI: 10 .1159/000500998 trate (UF). Due to the nonselectivity of the filtering process, "useful" solutes are also lost, including amino acids (AA). Studies investigating AA loss during RRT reported losses of 5-15 g/day, the degree depending on RRT modality, type of filter, and effluent rate [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These studies measured AA concentrations in the UF, and thereby only reported convective loss. Solutes can, however, also be removed by adsorption to the filter membrane. The degree of convective and adsorptive clearance depends on physical and chemical properties of solute and membrane. In vitro studies have shown that there can be considerable adsorptive losses of proteins, cytokines, and antibiotics under filtration conditions [11] [12] [13] [14] [15] [16] [17] . However, to our knowledge, no study reported absorptive AA loss during CVVH in vivo. In addition, other processes may contribute to the total flux of AA in the extracorporeal circuit. Therefore, the actual AA loss could be different from previously reported UF losses alone. This may have implications for protein requirements in patients receiving CVVH.
The primary aim of this study in critically ill patients was to quantify the total loss of AA in the extracorporeal CVVH circuit using a high-flux polysulfone membrane and to differentiate between the loss by ultrafiltration and adsorption. The secondary aim was to determine the loss of individual AA and their sieving coefficients (SC).
Material and Methods
This prospective observational study was performed at the mixed medical-surgical intensive care unit of the Amsterdam UMC, location VU University Medical Centre, The Netherlands. Adult critically ill patients, ready to receive CVVH with a new filter, were eligible for inclusion, provided the researcher was present to handle the samples (convenience sample). The Medical Ethics Committee of the VU University Medical Center waived the need for informed consent because no extra burden or risk was associated and patient data were coded (METC number 2013/308).
Continuous Venovenous Hemofiltration
Vascular access was obtained by an 11F or 13F double lumen catheter in the femoral or jugular vein (D-LINE ® EXTRA-FLOW CATHETER, Joline). CVVH was performed using the multiFiltrate ® device (Fresenius, Bad Homburg, Germany) with 2 filter types: Ultraflux AV 600S 1.4 m 2 and Ultraflux AV 1000S 1.8 m 2 (Fresenius, Bad Homburg, Germany) having a similar polysulfone membrane with a wall thickness of 35 µm; only the surface area differed. The machine was set according to department protocol: blood flow 180 mL/min and predilution replacement flow 2,400 mL/h. Net UF was adjusted to the desired fluid balance. Anticoagulation was primarily achieved with citrate as part of the predilution fluid or with heparin if systemic anticoagulation was required [18] .
Study Protocol
The total study period was 24 h. An arterial blood sample was taken before initiation of CVVH or before a new CVVH session to determine baseline plasma AA concentrations. Arterial blood was subsequently taken at 8 and 24 h after start and postfilter blood, and UF samples were taken 1, 8, and 24 h after initiation of CVVH to determine AA concentrations and hematocrit ( Fig. 1 ). Arterial concentrations were used as prefilter AA concentrations. The baseline arterial sample was used as prefilter concentration at 1 h, supposing that plasma concentrations of AA would not change within 1 h.
Blood and UF for AA determination were collected in heparin tubes and directly centrifuged; 500 µL plasma and UF were deproteinized using sulfosalicylic acid and immediately stored at -80 ° C until assayed. Individual AA concentrations were determined using high-performance liquid chromatography [19] . The coefficient of variation for the AA measurements was 2.6 ± 1.2%.
Other Measurements
Demographic and clinical data, including age, gender, admission diagnosis, Acute Physiology and Chronic Health Evaluation II and III scores, CVVH characteristics, the type and amount of nutrition, and survival, were extracted from the patient data management system MetaVision ® (iMDsoft, Tel Aviv, Israel).
The mass transfer and SC calculations are shown in Table 1 . AA concentrations were converted from µmol/h to mg/h by factoring the molecular weights of the individual AA. To estimate the median AA loss in g/day, the median of all obtained values of AA loss in g/h was factored by 24. To determine the SC for the individual AA, the mean SC of the 3 time points was calculated.
Statistical Analysis
Variables were tested for normal distribution using the Shapiro-Wilk test. Variables are presented as median (25th -75th percentile) or mean (SD) where appropriate. To determine if AA loss varied in time, an analysis of variance was performed. SPSS IBM 22 (SPSS Inc., Chicago, IL, USA) and Graphpad prism 7.0 (Graph-Pad Software, La Jolla, CA, USA) were used. A p < 0.05 was considered statistically significant.
Results
Ten patients were included. Baseline and clinical characteristics are shown in Table 2 . All patients were anuric (median urine production 9 mL/24 h, range 0-102 mL/24 h). Five patients were included when CVVH treatment was initiated and 5 after filter change. The femoral route was used in 6 and the jugular in 4 patients.
Baseline total AA plasma concentration per patient is shown in online supplemental Figure 1 (Table 3) .
AA Loss by Ultrafiltration
AA loss by ultrafiltration is presented in Figure 2 . Median AA loss by UF was 559 mg/h (491-725 mg/h), corresponding to a median daily UF loss of 13.4 g/day (11.8-17.4 g/day). UF loss did not change significantly over the 24 h study period (Table 3) .
Filter Loss Minus UF Loss
The median difference between filter loss and UF loss was -123 mg/h (-249 to -58 mg/h), corresponding to -2.9 g/day (-5.9 to -1.4 g/day). The absolute range of this difference was -443 to +243 mg/h, suggesting that some AA were "generated" in the filter and some were "lost". The filter minus UF loss did not change significantly over the study period (Table 3 ). Filter loss minus UF loss for the individual AA is shown in Figure 3 .
Sieving Coefficients
The mean calculated SC of the individual AA are shown in Figure 4 .
Clearance of individual AA
The individual AA clearances are shown in online supplementary Table 2 .
Discussion/Conclusion
Our study in critically ill patients demonstrates that the median total AA loss during the first 24 h of a CVVH session, using a high-flux polysulfone filter membrane, was 13.4 g, while the median AA loss in the filter was 10.4 g. AA loss in the filter therefore appeared to be lower than loss by ultrafiltration, indicating that adsorption does not play an important role when using a polysulfone membrane. However, individual AA behaved differently. The difference was positive for some and negative for others, suggesting that some AA were consumed or adsorbed, and others appeared to be locally generated and subsequently filtered. Our findings implicate that AA loss during CVVH is considerable and may contribute to a negative protein balance. Furthermore, measur- ing AA loss in the filter, as we did, may underestimate total AA loss.
Our primary aim was to determine AA loss by UF and adsorption separately. Finding a lower loss when measuring the difference between blood circuit inlet and circuit outlet than by measuring loss directly from UF, and therefore, a "negative adsorption" was unexpected. Several in vitro studies have shown considerable adsorptive losses of proteins, peptides, and antibiotics under filtration conditions using different membranes [11] [12] [13] [14] [15] [16] [17] . We expected to find some degree of AA adsorption that would decrease over time due to saturation of the filter membrane. Druml [20] suggested that adsorption to synthetic membranes occurs primarily in the first hour after a new filter placement with filter saturation occurring after 4-8 h. De Vriese et al. [14] found that cytokine adsorption to an AN69 membrane steadily decreased after filter change and found indications for filter saturation after 12 h. An explanation for the absence of overall adsorption could be that the molecular sizes of AA are so small (average 110 Daltons) compared to the pores of the high-flux membrane and that they are readily filtered and do not adhere to the membrane, at least not permanently.
Although our data suggest an overall lower loss in the filter than by UF, individual AA behaved remarkably different. Several processes have been identified that may influence the fluxes and balances over the membrane and thus the measured concentrations and SC. First, there may be direct interactions between charged AA with charged proteins that bind to the filter membrane. Second, the Gibbs-Donnan effect may cause unequal distribution of charged solutes across the membrane. The Gibbs-Donnan effect is caused by charged substances (such as circulating proteins) that are unable to pass the membrane and thus create an uneven electrical charge. Third, local generation and subsequent convection would lead to a calculated SC of > 1. Uchino et al. [21] showed that during isovolemic hemodilution with predilution, both chloride and glucose had an SC of > 1 and that the SC of Na and K was < 1. They also found an SC of > 1 for urea at increasing predilution, probably as a result of dilution and subsequent release of urea from erythrocytes. The SC of > 1 for glucose remained unexplained [21] . Another explanation may be that the assumption that AA concentrations in arterial blood are the same as in the filter inlet is incorrect. Indeed, skeletal muscle and the brain are known producers of glutamine and alanine, thereby increasing the concentration in the femoral and jugular vein, respectively, compared to arterial blood. Others found an arteriovenous glutamine concentration difference in critically ill patients during CVVH [22] . Generation of glutamine could have led to higher circuit inlet concentrations than the arterial concentration that we used. Whether other AA can be produced in substantial amounts too is less well established. During hemodialysis, the reduction of the plasma AA pool accounted for < 20% of the total dialysate loss. Enhanced appearance of new AA during dialysis, most likely from tissue stores such as skeletal muscle, was suggested [23] .
Also, recirculation can alter local concentrations of AA depending on the SC, by mixing inlet and outlet concentrations. Moreover, AA may bind to each other and form complexes that act differently than individual AA [24] . Furthermore, erythrocytes, leucocytes, and platelets all contain free AA. These may be released when their membrane permeability changes or during hydrostatic disequilibrium due to predilution and subsequent ultrafiltration. For example, taurine has a crucial role in cell volume homeostasis and can restore the osmotic imbalance in case of hyper-or hypotonicity [25] . Taurine also has anti-oxidant and anti-inflammatory properties and may be locally consumed. Finally, activated leucocytes and platelets may take up AA for metabolic support. 
Sieving Coefficient
Due to the small molecular size of AA, an SC of 1 is expected. However, 14 out of 20 AA had an SC above 1 with alanine having the highest SC (1.07), suggesting "facilitated transport" or local production at the blood side and subsequent convection. The SC of glutamate (0.60), taurine (0.83), tryptophan (0.84), and ornithine (0.85) were below 1. The low SC of glutamate has been reported previously [2, 10] . Glutamate is negatively charged in physiologic conditions and may therefore be repelled by the negatively charged polysulfone filter membrane. It is known that during deproteinization of samples, the tryptophane concentration decreases because it binds with plasma proteins. The abovementioned partially unknown and unexplained processes at the membrane influence the calculated SC, which does not necessarily reflect restricted or "facilitated" membrane passage. Most importantly, organ production of AA inducing a higher concentration in the venous compared to the arterial compartment will induce an overestimation of the SC.
AA Clearance
Individual AA clearances ranged from 16.6 mL/min for glutamate to 36.4 mL/min for alanine. Previous studies reported not only similar but also higher or lower AA clearances [1, 3, 6, 7, 10] . These discrepancies are likely caused by differences in CRRT dose and modality, and type of filter. 
Strengths and Limitations
To our knowledge, this is the first study reporting adsorptive AA loss during CVVH in vivo. AA concentrations were measured using state-of-the-art techniques.
Our study has some limitations. Sample size of our study was small, yet in accordance with other studies. With the exception of patient 8 having acute liver failure, differences in AA loss between patients were small and consistent. We did not measure AA profile in the first hour of hemofiltration, thus very early adsorption could have been missed. AA levels in the arterial blood sample at baseline were used to calculate prefilter AA concentration at 1 h to reduce costs. A difference in arterial AA concentration between baseline and at 1 h would lead to over-or underestimation of actual AA loss, which could play a role in case of massive fluid infusion or removal. Because fluid infusion was massive during the first sample time point in patient 1, we removed this sample from the analysis. Furthermore, another limitation of our study is that we used an arterial sample for prefilter concentration (see above). However, this does not impact the total amount of AA loss during CVVH. Furthermore, the mass transfer calculations assume a constant blood and predilution flow. In practice, CVVH (blood) flow is not constant [26] . If, as a result the ratio of predilution flow to blood flow changes, actual plasma concentrations at the blood site of the membrane may differ from calculated concentrations. However, the consistency of our findings over time supports the reliability of our results and is in accordance with other studies [1, 10] . Our study does not show whether adsorption, local consumption or genera-tion, skeletal muscle or brain AA production, or other unknown mechanisms explain the differences between the loss in the blood circuit and by UF. Further studies are needed to elucidate these intriguing events. Finally, our results are only applicable to the specific polysulfone hemofilter and CVVH effluent rate we used. Nowadays, polysulfone is the most commonly used membrane and the CRRT dose is applied according to current guidelines.
Clinical Implications
The estimated median total AA loss of 13.4 g/day corresponds to a total loss of 11.2 grams of protein per day. The median protein intake in our study population was 56 g/day; therefore, 20% of nutritional protein intake was lost during CVVH, potentially inducing or aggravating protein malnutrition. Increasing protein intake in patients on CVVH seems therefore rational. Scheinkestel et al. [8] found that a protein intake as high as 2.5 g/kg/day neutralized nitrogen balance and corrected AA deficiencies in patients receiving CVVH. Also, Bellomo et al. [3] found near-neutral nitrogen balance at parenteral nutrition administration containing 2.5 g AA/kg/day. However, a neutral nitrogen balance does not necessarily imply better patient outcome. Nowadays, a protein intake of 1.3 g/kg/day is recommended for the general ICU population [27] . Nonetheless, unless liver failure or other disturbances in protein handling are present, it seems rational to increase daily protein intake by 10-15 g in patients on continuous RRT to compensate for the loss of AA. Whether a higher protein intake is safe and leads to improved outcome remains to be shown. Fig. 4 . SC of the individual AA. The SC is the ratio of the solute filtrate concentration to the respective solute plasma concentration. An SC of 1 indicates unrestricted transport; an SC of 0 means no transport at all. The mean SC of the 3 different time points are given. Glu, glutamate; Asn, asparagine; Ser, serine; Gln, glutamine; His, histidine; Gly, glycine; Thr, threonine; Cit, citruline; Arg, arginine Ala; alanine; Tau, taurine; Aab, α-aminobutyric acid; Tyr, tyrosine; Val, valine; Met, methionine; Ile, isoleucine; Phe, phenylalanine; Trp, tryptophane; Leu, leucine; Orn, ornithine; Lys, lysine; SC, sieving coefficient. DOI: 10.1159/000500998
Conclusion
During CVVH with a modern polysulfone membrane, the estimated AA loss was 13.4 g/day, corresponding to a loss of about 11.2 g of protein per day. Adsorption does not play a major role. However, individual AA behaved differently, suggesting complex interactions and processes at the filter membrane or peripheral production.
